Abstract In many bird species, achromatic plumage patch size can serve as a male status signal, but the use of variations in the achromatic colours themselves as a quality signal has only recently come into focus. In our study, we sought to determine whether achromatic plumage reflects individual quality in the upland goose (Chloephaga picta leucoptera). We examined the relationship between male head and wing reflectance, male condition and female reproductive investment. We found that males with darker specula and greater contrast between the white wing coverts and the speculum were in a better body condition. Variations in the brightness of the white plumage were not a quality signal in the upland goose. The information gleaned from the wing colouration of male upland geese could be used during mate selection, when females choose their mate on the basis of the outcomes of aggressive encounters. During these fights, the males expose their white coverts and their specula, which are normally tucked beneath body feathers.
Introduction
In many species, females prefer to mate with males with the most elaborate ornaments (Andersson 1994) , as those traits can indicate aspects of male quality (Zahavi 1975; KodricBrown and Brown 1984) . In birds, many studies have found plumage colouration to be correlated to different male quality characteristics, like condition (e.g. Keyser and Hill 1999; Peters et al. 2007 ), territory quality (e.g. Keyser and Hill 2000) , parasite load (e.g. Hõrak et al. 2001) , immune function (e.g. Maney et al. 2008) or parental effort (e.g. Keyser and Hill 2000; Siefferman and Hill 2003) .
Achromatic plumage colouration (black, grey and white) has been studied before, with the main focus being the patch size of achromatic plumage, including its relation to reproductive investment, individual quality and status signalling (e.g. Moller 1987; Part and Qvarnstrom 1997; e.g. Doucet et al. 2005; Hanssen et al. 2006; Hanssen et al. 2008) . Characteristics of the achromatic colour itself (like brightness and chroma) as a quality signal have only come into focus quite recently (e.g. Mennill et al. 2003; Woodcock et al. 2005; Hanssen et al. 2009 ), although there has been evidence from observations and experiments that female choice may be influenced by variation in achromatic colour (e.g. Saetre et al. 1994) . For example, in male black-capped chickadees Poecile atricapillus, reproductive success was predicted by the reflectance of achromatic plumage (Doucet et al. 2005) , and in the ostrich Struthio camelus, male white colouration was found to be related to male immune capacity (a measurement of male quality), and both black and white colouration to egg mass, indicating that females adjust their investment according to their perception of male quality (Bonato et al. 2009a, b) .
In our study we sought to determine whether achromatic plumage characteristics reflect individual quality in the upland goose Chloephaga picta leucoptera. Upland geese belong to the order of the sheldgeese (Tadornini), a group that resembles true geese and shows similar habits but is more closely related to shelducks and ducks. One of the most interesting aspects of the closely knit group of the genus Chloephaga is the great variation in colouration between the species and sexes, ranging from nearly no dimorphism in the Andean goose C. melanoptera (both sexes are mainly white), the ruddy-headed goose C. rubidiceps and the ashy-headed goose C. poliocephala (both have mainly brown plumage), to the kelp goose C. hybrida and the upland goose, which exhibit very strong sexual dimorphism, with males being mainly white and females brown (Summers and McAdam 1993) . While this dimorphism is still restricted to the plumage in kelp geese, it even extends to the integument colouration in upland geese (males: black tarsus, females: yellow-orange tarsus). Besides this, males and females share some wing characteristics, namely white upper wing coverts, a metalliccoloured speculum formed by the secondary coverts (rather than by the secondaries, as in other anatines), and white secondaries. There is still speculation about the causes of the differences in white colouration in this group, with one possibility being that it evolved in order to be conspicuous (Summers and McAdam 1993) . Especially kelp and upland geese are very aggressive birds, defending large territories and signalling their ownership with erect posturing. A plumage colouration that contrasts as much as possible with the background would thus be advantageous. In females, the need to be cryptic during incubation could have preserved the brown plumage. However, this theory cannot explain the white plumage in female Andean geese. Upland geese are highly territorial and socially monogamous, usually returning to the same territory with the same mate every year (Summers and McAdam 1993) . Male upland geese invest heavily in the establishment and defence of their breeding territory. They increase their aggressive activities gradually during the season. Besides evicting their own young from the previous breeding season, the territory has to be defended against intruding pairs looking for a breeding place, and territorial boundaries with neighbouring pairs need to be maintained throughout the breeding season (Summers and McAdam 1993) . Aggressive encounters range from pacing side by side along the territorial boundaries, the exposure of their carpal knobs, to gripping each other by the neck and dashing their wings against each other. When attacking another bird, the male runs rapidly over the ground with its head low and his folded wings slightly spread, thus exposing his white upper coverts and his speculum, which are both normally hidden when the wing is closed [Electronic supplementary material (ESM), Fig. S1 ].
White plumage may be used in signalling in different ways: either as a quality signal itself or as a contrast to coloured plumage parts. Despite being inexpensive to produce, as the feathers contain no costly pigments, white plumage may serve as a quality signal, with costs arising from its maintenance and the fact that feather quality is more visible (Fitzpatrick 1998) . Depigmented feathers have been found to wear faster in birds with lower feather quality, thereby indicating a birds' ability to invest in highquality feathers (e.g. Kose and Moller 1999) . Additionally, the contrast of the white with the background or dark plumage parts may be an important signal, as it can improve the perception of displays or the signaller itself (Galvan 2008) . To investigate whether white plumage may serve as a signal of quality in male upland geese, we examined the relationship between achromatic plumage reflectance, male condition, and female reproductive investment. Additionally, we compared the possible signalling function of wing colouration between males and females.
Study area
The study was carried out in the New Island Nature Reserve, Falkland Islands (51°43 0 S, 61°17 0 W), from October to December in 2007 and 2008. New Island was established as a nature reserve in 1973, when all livestock were removed from the island. This led to an increase in the density of upland geese on this island, making it one of the most densely populated of the Falkland Islands (Quillfeldt et al. 2005 ).
Materials and methods
The basic breeding biology and life cycle of upland geese was studied in the Falklands from 1977 to 1980 (Summers 1983a) . Take-up of territories starts in August, and egg laying occurs in late September, with most clutches being laid by the end of October. Hatching mainly takes place between mid-October and mid-November, and fledging starts at approximately 70 days of age.
At the beginning of each field season, the nests were mapped. Numbers of eggs per nest were counted, length and breadth of eggs were measured to the nearest 0.1 mm using calipers, and weight was recorded to the nearest 0.1 g using a digital balance. Egg volume (V) was determined from egg length L (in cm) and egg breadth B (in cm) as V = (L 9 B 2 9 0.507), according to Furness and Furness (1981) . Total volume of the clutch was determined by summing the individual volumes of all eggs in each clutch.
We caught adults during the period when they attended their brood using a 3 9 5 m whoosh net. One person herded the family of geese slowly to the catching area, and when they arrived directly in front of the furled net, the other researcher pulled the trigger. Adults were marked with individual metal rings and weighed to the nearest 10 g using a digital spring balance. Head length, culmen length, and tarsus length were measured to the nearest 0.1 mm using callipers; wing length (maximum flattened chord) was measured to the nearest 1 mm using a stopped rule. A principal components analysis (PCA) extracted one principal component (PC1) from wing, head, bill and tarsus measurements as an overall measure of body size in both males and females. In females, PC1 (with an eigenvalue of 1.794) explained 44.844% of the variance. In males, PC1 (with an eigenvalue of 2.001) explained 50.018% of the variance. The body condition for males and females was determined while accounting for structural size, based on a regression of body mass on PC1. Body condition was expressed as the ratio of the observed body mass to the derived expected body mass, according to individual size.
Spectrophotometric colour measurements
Reflectance spectra between 300 and 700 nm were recorded using an AvaSpec-2048 fibre optic spectrometer (Avantes, Eerbeek, The Netherlands) with an AvaLight-DHc deuterium/ halogen light source unit, and FCR-7UV400 reflection probe fibre optics. We took five readings each from the white head, the white wing coverts and the speculum on each male. As each trait appeared uniform in colour, it was measured in randomly allocated places, moving the probe at least 2 cm between measurements. We used the average reflectance curve from the five readings for each region in the following analyses. Reflection was recorded using a probe held normal to the surface, collecting light from a spot 4.5 mm in diameter. The measurements were taken outside with the probe held directly against the feather surface, so that no ambient light would affect the measurements. A white reference (WS-2 white reference tile for reflectance measurements, Avantes) and a dark reference (measured with the lights turned off) were taken for calibration purposes before each individual was measured.
Spectrometric data were analysed using AVICOL v.3 (Gomez 2006) . Brightness was calculated as the mean reflectance between 300 and 700 nm. To describe the contrast between the white wing coverts and the speculum, we calculated the contrast as the ratio of the mean brightness values (% reflectance) of the wing coverts to the speculum. We also measured aspects of the UV colouration of the speculum (UV brightness, UV chroma and maximum reflectance between 350 and 450 nm). UV brightness was highly correlated with the overall brightness of the speculum (r = 0.961, P \ 0.001), as were UV contrast and overall contrast (r = 0.947, P \ 0.001).
Statistical analysis
Statistical tests were performed in SPSS 11.0. Means are given with standard errors. The significance level was set to P \ 0.05. Normality was tested using KolmogorovSmirnov tests. We assessed significance with Pearson correlations and analysis of variance (ANOVA). We captured and measured 32 females and 34 males in 2007 and 46 females and 35 males in 2008, of which 20 females and 10 males were measured in both seasons. We found no differences between the study years in both males and females in all measured parameters (all P [ 0.200). We therefore decided to pool all data in the subsequent analyses and use the first measurement of each animal to avoid pseudoreplication. Note that sample sizes may differ because of missing values. Some territories were not visited before the chicks had hatched, and hence data on clutch size and egg volumes are missing.
Results

Differences between the sexes
Females had brighter white wing coverts than males (Table 1 ), but we found no sex differences in the brightness of the speculum, speculum UV characteristics, and in the contrast between wing coverts and the speculum (Table 1) .
Colouration and body condition
Body condition was higher in males with lower brightness values of the speculum (r = -0.37, N = 55, P = 0.006; Table 2 ; Fig. 1a ) and lower UV brightness of the speculum (r = -0.31, N = 55, P = 0.020), but it was unrelated to the brightness of the head and the wing coverts (Table 1) . We found that the contrast between the wing coverts and the speculum (brightness of wing coverts/brightness of speculum) was significantly related to body condition, with males that had higher ratios (i.e. darker specula compared to wing coverts) being in better body condition (r = 0.48, N = 55, P \ 0.001; Table 2 ; Fig. 1b) . In females, we found no significant relation between wing colouration and body condition (all P [ 0.1).
Colouration and reproductive parameters
In males, the average brightness of the speculum was negatively related to clutch volume, with individuals with a darker speculum being mated to females that laid larger J Ethol (2011) 29:243-249 245 clutches (Pearson correlation: brightness: r = -0.41, N = 24, P = 0.049; Table 1 ; Fig. 2 , UV brightness: r = -0.44, N = 24, P = 0.039). As there is a seasonal trend (with clutch volume being higher in earlier clutches; Gladbach et al. 2010b ), we ran a second analysis controlling for hatching date (partial correlation: brightness: r = -0.326, N = 24, P = 0.129; UV brightness: r = -0.30, N = 24, P = 0.159). The mean egg volume was unrelated to male colouration. There was no significant relationship of wing colouration to clutch volume or mean egg volume in females, although brightness of the speculum showed a tendency to be negatively related to clutch volume (r = -0.290, N = 23, P = 0.180).
Discussion
Our findings demonstrate that in upland geese, male achromatic plumage reflectance predicts body condition in males and investment in clutch volume by their pair partners. In particular, we found that males with darker specula and a greater contrast between their white wing coverts and their specula had better body conditions. Females mated to males with darker specula laid clutches with bigger volumes. We could not support the hypothesis that variations in the brightness of the white plumage itself We tested for differences between the sexes using analysis of variance (ANOVA). Significant value is stated in bold are a quality signal in the upland goose. Males and females only differed in the brightness of their wing coverts, which may be explained by the greater wear of these feathers in males where they are exposed during fights, which is not the case for females. We also found no relation of most of the UV parameters of the speculum to either body condition or reproductive parameters in males and females. Only the UV brightness of the speculum in males was related to body condition, but as UV brightness and overall brightness were highly correlated, we would be cautious to interpret this finding as UV signalling. The information content of the wing colouration of male upland geese could be used during mate choice. During pair formation, females incite males to attack other males or females, and then select their mate on the basis of the outcome of these aggressive encounters (Johnsgard 1965) . The male responds to female incitation by adopting an erect posture, holding the carpal joints of the wings out from the body, thereby exposing the white coverts and the speculum, which are normally tucked beneath body feathers (ESM Fig. S1 ). Avian wing displays can signal aggressiveness or willingness to escalate fights (Hurd and Enquist 2001) , and the white coverts and the speculum in the upland goose may function as ''coverable badges'' (Hansen and Rohwer 1986) that are only exposed when birds are highly motivated to fight but are hidden when the birds are not willing to engage in an aggressive encounter. Differences in male wing colouration may serve as an indicator of status or condition, and reduce the need for costly aggressive interactions. Based upon our results, it can be speculated that not only the outcome of the aggressive encounters but also aspects of plumage quality may influence female choice in the upland goose.
Contrasts between adjacent plumage regions have been found to be an important aspect of achromatic plumage in some other studies (Mennill et al. 2003; Bokony et al. 2006; Bonato et al. 2009a ). For example, Bokony et al. (2006) could show that in male house sparrows (Passer domesticus), the conspicuousness of wingbars may increase the defence success of their bearer in aggressive interactions. Measurements of male plumage characteristics during the time of pair formation and their relation to lost/won fights could further highlight the role of such signals in the upland goose. To our knowledge, there have been no studies so far on the signalling ability of the iridescent speculum found in the Anatidae. Iridescent colours change in appearance with the angle of observation or illumination, so results from spectrophotometric measurements of iridescent plumage can be very sensitive to changes in the measurement geometry (e.g. Cuthill et al. 1999; Santos et al. 2007; Maia et al. 2009 ), which influence both the hue and the chroma of a colour. As we were not able to guarantee exactly the same measurement geometry under fieldwork conditions, we decided to only include speculum brightness as one aspect of colouration in our study. Birds in good body condition could be more tolerant to stressful situations, or both a good body condition and speculum characteristics could indicate good genetic quality. This is supported by Gladbach et al. (2010c) , who found that the H/L ratio (a common measure of stress in birds) is related to body condition in male upland geese, with males in poor body condition showing higher stress measures. The higher body conditions of males with darker specula could also be linked to a condition dependency of the feather moult. Skipping the moult of the primaries for up to three consecutive years has been reported in upland geese before (Summers 1983b) , and the gradual impairment of flight feathers might be unimportant to this nonmigratory species. Skipping the moult could have the advantage of saving energy and nutrients, and the colour of the speculum feathers may then be subject to degradation, leading to a paler colour of the older feathers of males in poor body condition. A study sampling feathers from the speculum and spectrophotometric measurements performed under standard laboratory conditions could further highlight the signalling aspect of speculum colouration.
The relationship of male wing colouration to female reproductive investment could be caused by high-quality males in good body condition gaining access to or being able to defend high-quality territories, thereby providing the basis for a high investment in clutch size by their female. However, as the relationship was no longer significant after controlling for hatching date, a study using a larger data set is needed to clarify whether the relationship between clutch volume and male colouration can be verified. While reproductive parameters like egg size seem to be related to the inherent quality of a female in upland geese, clutch size appears to be flexible and to vary according to the current conditions (Gladbach et al. 2010b ). Additionally, Gladbach et al. (2010a) found that in upland geese, females with more orange-coloured legs and more red-like head colours had higher clutch and egg volumes than females with paler leg and head colouration, and a more reddish plumage colouration was related to a higher body condition. Thus, in females, these aspects of plumage and integument colouration may be used as quality signals rather than the speculum. As upland geese form long-term pair bonds, a study comparing clutch data, male wing colouration and territory quality in different years is now necessary to understand the relationship of male colouration to female investment. In summary, we found that, contrary to our expectations, the brightness of the speculum rather than the white plumage was an indicator of condition in male upland geese. In contrast, wing colouration was not related to condition parameters in females. Further studies should now concentrate on other spectrophotometric colour parameters of the iridescent speculum to gain more knowledge about its signalling ability in upland geese as well as in other Anatidae where this special wing characteristic occurs.
